Abstract-The renal autonomic nervous system may contribute to hypertension and vascular disease. Although the effects of renal artery denervation on blood pressure lowering are controversial, there may be other beneficial vascular effects independent of blood pressure lowering. Bilateral renal denervation (RDN) or sham operation (SO) was performed in 14-week-old male apolipoprotein E-deficient mice on a Western diet starting at 10 weeks of age. Efficacy of RDN was confirmed by reduction of renal norepinephrine levels (SO: 3.8±0.1 versus RDN: 1.7±0.3 ng/mL; P<0.01) at 6 weeks after procedure. Compared with SO, RDN had no effect on blood pressure 
R
enal denervation (RDN) may be useful in some patients with refractory hypertension. 1 However, a recent controlled trial which included a sham RDN procedure did not show a significant reduction in blood pressure in patients with resistant hypertension. 2 It may be that these results were because of incomplete denervation, but this assertion will require further clinical investigation, possibly utilizing different devices and a biomarker reflecting successful denervation. Apart from the effects on blood pressure, preclinical studies have suggested that RDN may have additional systemic beneficial effects. For example, RDN has been shown to improve glucose metabolism and insulin sensitivity in humans. 3 In stroke-prone, hypertensive rats, RDN was shown to be protective against oxidative stress and brain injury. 4 Because of the potentially broad, pressor-independent effects of sympathetic activation toward multiple vascular processes, we tested the effects of bilateral RDN on progression of atherosclerosis in a normotensive murine model of hyperlipidemia.
Methods

Animals
Male apolipoprotein E-deficient (ApoE −/− ) mice were purchased from Jackson Laboratory (Bar Harbor, Maine). Mice were housed under specific pathogen-free conditions in static microisolator cages with tap water ad libitum in a temperature-controlled room with a 12:12-hour light/dark cycle and were fed a Western diet (TD88137, Harlan, WI) starting at 10 weeks of age. All animal use protocols complied with the Principle of Laboratory and Animal Care established by the National Society for Medical Research and were approved by the University of Michigan Committee on Use and Care of Animals.
Renal Denervation
Bilateral RDN (n=8) or sham operation (SO; n=8) was performed in 14-week-old, male, ApoE −/− mice that had been on Western diet for 4 weeks prior to surgery. Mice were anesthetized with IP injection of sodium pentobarbital (67 mg/kg). The surgical procedure was performed as described previously. 5 Briefly, the abdomen was opened through a ventral midline laparotomy. The small intestine was gently moved aside and draped with sterile saline-soaked gauze. The renal nerve bundles were visualized by locating the abdominal aorta and renal arteries. Visible renal nerves, fat, and connective tissue were cleared from the renal vessels. Then renal vessels were painted with 10% phenol in an alcohol solution to destroy the remaining nerves. For SO mice, the kidneys were exposed as with the RDN procedure, but renal nerves were kept intact. After surgery, mice were maintained on the Western diet for an additional 6 weeks before experiment termination.
Blood Pressure Measurement
Blood pressure was measured 6 weeks after RDN or SO in nonanesthetized mice by tail plethysmography using the BP-2000 Blood Pressure Analysis System (Visitech System, Apex, NC). Blood pressure was also measured via carotid arterial catheterization at the time of sacrifice, as previously described. 6 Briefly animals were anesthetized with urethane (1.0 g/kg, IP). Body temperature was maintained at 37°C on a controlled heating pad. Blood pressure was recorded via a microtip catheter in the right common carotid artery using a data acquisition system powerlab 8/30 and chart software (AdInstruments, Colorado Springs, CO).
Verification of RDN
To verify successful RDN, renal norepinephrine (NE) content was measured 6 weeks after RDN or SO using an NE ELISA kit (RM Diagnostics, Colorado Springs, CO). Briefly, the kidney was homogenized in 0.01N HCl in the presence of EDTA (1 mmol/L) and sodium metabisulfite (4 mmol/L) followed by centrifugation at 18 000g for 10 minutes at room temperature. Two hundred microliters of supernatant was collected for NE content which was performed according to manufacturer's instruction. For plasma measurement of NE, 20 μL of plasma from ApoE −/− mice 6 weeks after SO or RDN was assayed.
For immunofluorescence staining of nerve fibers distal to excision site, the intrarenal arteries from ApoE −/− mice 6 weeks after RDN or SO were harvested and fixed in 10% zinc formalin. Arteries were then incubated in PBS with blocking serum diluted in Triton X-100 (1%) for 1 hour. They were then incubated overnight at 4°C with a primary antibody against a marker of sympathetic nerves (rabbit polyclonal anti-tyrosine hydroxylase, 1:200; EMD Millipore, Billerica, MA). Arteries were then washed with PBS and incubated for 1 hour at room temperature with fluorescence-conjugated secondary antibody. Labeled sympathetic nerves on intrarenal arteries were examined using a Nikon TE200-E microscope. The intensity of fluorescence signal was quantified as arbitrary units using NIH ImageJ software.
Atherosclerosis Analysis
Quantification of atherosclerosis was performed as previously described. 7 Briefly, mice were euthanized under IP pentobarbital anesthesia (100 mg/kg), and arterial trees were perfused at physiological pressure and fixed in 10% zinc formalin. Arterial trees were then stained with oil-red-O and pinned on wax trays to quantify the atherosclerotic surface area occupied in the aortic arch, brachiocephalic artery, common carotid arteries, and subclavian arteries. The lesion area was expressed as a percentage of total surface area examined. Paraffin-embedded heart including aortic root was sectioned through the aortic sinus. A series of 5 μm sections were obtained at the level of the aortic sinus, and 4 cross sections were analyzed from each mouse. Sections were stained with hematoxylin and eosin for quantification of lesion area normalized by respective medial area of aorta. The lesion area was defined as the area between the endothelial cell layer and internal elastic lamina. The macrophage and actin content were quantified with corresponding antibodies to Mac-3 (1:100, BD Biosciences, San Jose, CA), or α-smooth muscle cell actin (1:1000, Cedarlane Laboratories, Burlington, NC). Collagen content was examined with Sirius red (Sigma, St. Louis, MO). 8-isoprostane, angiotensin II, and monocyte chemoattractant protein-1 (MCP-1) content were quantified with corresponding antibodies to 8-isoprostane (1:200, Abcam, Cambridge, MA), angiotensin II (1:400, Novus Biologicals, Littleton, CO), or MCP-1 (1:50, Abcam, Cambridge, MA). Positive staining area was expressed as percentage of the total lesion area. All images were analyzed by automatic detection of positive staining intensity using Nikon MetaMorph software. Brachiocephalic arteries were also cross-sectioned and analyzed. Four sections at 500 μm intervals from each sample were analyzed using Nikon MetaMorph software. Lesion area was expressed as percentage of cross-sectional lumen area.
Measurements of Serum Samples
Serum samples were collected via retro-orbital bleeding using capillary tubes 6 weeks after surgery. Circulating concentrations of MCP-1, interleukin-1β (R&D Systems, Minneapolis, MN), 8-isoprostane (Cayman Chemical, Ann Arbor, MI), renin (Molecular Innovations, Novi, MI), angiotensin II, and aldosterone (Enzo Life Sciences, Farmingdale, NY) were measured with corresponding ELISA kits following manufacturers' instructions. Plasma renin activity was determined by a renin assay kit (Sigma, St. Louis, MO) following the manufacturer's instruction.
Cholesterol and triglycerides were measured in the Chemistry Core of the Michigan Diabetes Research and Training Center using Enzymatic-Colorimetric kits (Roche, Indianapolis, IN). Blood glucose levels were measured after overnight fasting with a glucometer using test strips (Bayer HealthCare LLC, Mishawaka, IN). Fasting insulin levels were measured with an ELISA kit (Crystal Chemical Inc, Wakefield, MA). Insulin resistance was determined using homeostasis model assessment-estimated insulin resistance index by homeostasis model assessment-estimated insulin resistance equation: [homeostasis model assessment-estimated insulin resistance = fasting insulin (μIU/mL) × fasting glucose (mmol/L)/22.5].
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Kidney Content of Renin, Angiotensin II, and Aldosterone 100 mg kidney was homogenized in 250 mL PBS followed by centrifugation at 18 000g for 10 minutes at room temperature. Then supernatant was collected to measure content of renin, angiotensin II, or aldosterone using corresponding ELISA kits according to the manufacturer's instruction.
Morphology of Kidney
To examine the morphology of kidneys after RDN or SO, the kidneys were fixed in 10% zinc formalin 6 weeks after surgery. A coronary cross section containing the hilum of the kidney was embedded in paraffin. A series of 5 μm sections were obtained and stained with hematoxylin and eosin for morphometric quantification of glomeruli. For glomeruli counts, 3 cross sections were analyzed from each mouse. Ten fields from the subcapsular and juxtamedullary regions in each section were randomly selected, and glomeruli were counted to determine the average number of glomeruli per section. Bowman's space area was determined by subtracting the area around the outer surface of glomerular capillary bed from the area around the inner surface of Bowman's capsule. Twenty glomeruli per kidney were measured to determine the average Bowman's space area. All measurements were performed using NIH ImageJ software.
Statistical Analysis
All data are presented as mean±standard error. Statistical analysis was performed using GraphPad Prism. Results were analyzed using unpaired t test for comparison between 2 groups. For multiple comparisons, results were analyzed using 1-way ANOVA followed by Tukey post-test analysis. P values <0.05 were considered statistically significant.
Results
Efficacy of RDN Procedure
Six weeks after RDN or SO, the intrarenal sympathetic nerve fibers were analyzed for tyrosine hydroxylase by immunofluorescence staining. Intrarenal arteries from RDN mice showed reduced immunofluorescence staining compared with those from SO mice ( Figure 1A-1C) . The efficacy of RDN was confirmed by measuring NE content in kidney. Renal NE levels were significantly reduced after RDN compared with SO mice ( Figure 1D) ; however, plasma levels of NE were similar between the groups ( Figure 1E ).
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To assess the morphometric changes of kidney after SO or RDN, the average number of glomeruli and Bowman's space area were measured. The average number of glomeruli was similar between the 2 groups (SO, 8 ; P=0.16). No differences were noted in body weight, fasting glucose, insulin, homeostasis model assessment-estimated insulin resistance, total cholesterol, triglycerides (Table) , or blood pressure measured by tail-cuff (Figure 2A-2C ) or catheterization ( Figure 2D-2F ) between RDN and SO groups.
Effect of RDN on Atherosclerosis
After 10 weeks of Western diet and 6 weeks after RDN or SO, the atherosclerosis was quantified by oil-red-O staining of aortic trees in ApoE −/− mice. The oil-red-O-positive lesion area was significantly reduced in mice after RDN compared with the SO (Figure 3A-3C) . The cross-sectional lesion area involving the proximal brachiocephalic artery was also reduced in mice receiving RDN compared with SO ( Figure 3D-3F) . Consistently, the atherosclerotic lesion area involving the aortic root was significantly reduced in mice after RDN compared with SO ( Figure 4A-4C) . Reduced lesion area after RDN was associated with increased smooth muscle cell content as determined by α-smooth muscle cell actin immunostaining ( Figure 4D-4F 
Circulating Levels of Inflammatory Cytokines
To determine the effect of RDN on a panel of circulating biomarkers, the serum levels of MCP-1 and interleukin-1β were measured from ApoE −/− mice 6 weeks after RDN or SO. The levels of MCP-1 were significantly reduced after RDN compared with those after SO (51.7±7.9 versus 91.7±14.6 pg/ mL; n=8 per group; P<0.05). No differences were detected in the levels of interleukin-1β (SO, 109.3±26.0 pg/mL; RDN, 70.3±22.6 pg/mL; n=8 per group; P=0.3).
Effect of RDN on Renin, Angiotensin II, Aldosterone, and Oxidative Stress
Six weeks after RDN or SO, kidney levels of renin measured by ELISA were significantly reduced in mice with RDN compared with SO group (Figure 6A ). No differences were detected in serum levels of renin between these groups ( Figure 6B ). The serum levels of aldosterone were significantly reduced in mice with RDN compared with SO ( Figure 6C ), while they were similar in kidneys (SO, 84.1±13.4 pg/mL; RDN, 109.7±12.1 pg/mL; n=8 per group; P=0.12). Plasma renin activity was similar between these groups (SO, 411.1±14.7 ng/mL per hour; RDN, 408.7±21.8 ng/mL per hour; n=8 per group; P=0.93); however, the aldosterone-to-renin ratio was significantly reduced in mice after RDN compared with mice after SO ( Figure 6D ).
To further examine the effect of RDN on angiotensin II expression, both local and systemic angiotensin II levels were tested. No differences were noted in angiotensin II-positive area in atherosclerotic regions at aortic root between these groups ( Figure 6E-6G) . Serum angiotensin II levels measured by ELISA were also similar between SO and RDN group ( Figure 6H ). In kidneys, the levels of angiotensin II were below the detection limit.
8-Isoprostane, an indicator of oxidative stress, was examined 6 weeks after RDN. 8-Isoprostane staining in atherosclerotic lesions at the aortic root was significantly reduced in mice receiving RDN compared with SO ( Figure 7A-7C) . Circulating levels of 8-isoprostane were also significantly reduced in mice receiving RDN compared with those receiving SO ( Figure 7D ).
Discussion
The sympathetic nervous system is involved in the regulation of multiple physiological processes. 9 Heightened sympathetic activity as indicated by elevated circulating levels of NE is associated with increased mortality. 10 As early as 1953 11 a 5-year survival advantage was demonstrated in hypertensive patients treated with thoraco-lumbar splanchnicectomy, a procedure that results in RDN. The kidney is a particularly relevant organ related to sympathetic nervous system activity as local release of NE from renal sympathetic neurons onto the juxtaglomerular cells leads to release of renin. 12 Reduced renal blood flow secondary to local vasoconstriction also results in greater sodium retention. 13 These potential effects of renal sympathetic innervation on blood pressure have been exploited with catheter-based approaches to RDN. Several clinical trials have demonstrated that ablation of adventitial renal nerves by delivery of radiofrequency pulses from a catheter positioned in the renal artery is effective in lowering blood pressure in patients with resistant hypertension.
14 In contrast, the recent randomized SIMPLICITY 3 trial, in which a randomized sham denervation procedure was included, showed Beneficial effects of RDN may extend beyond blood pressure as one human clinical study demonstrated reduction in fasting glucose, insulin, and improved glucose tolerance 3 months after RDN. 3 Preclinical studies in rats have also demonstrated that the pressor response to hyperinsulinemia is prevented and reversed by bilateral RDN. 16 These findings suggest that there may be a central role for renal sympathetic activation in mediating components of the metabolic syndrome. In a rat model of metabolic syndrome, bilateral RDN significantly reduced plasma renin activity, prevented impairment of endothelial function, performed cardiovascular remodeling, and attenuated markers of oxidative stress. 17 The beneficial effects occurred in the absence of changes in adiposity, plasma lipids, or insulin resistance suggesting that beneficial effects of RDN occur by additional pathways.
A particularly relevant vascular end point related to RDN is atherosclerosis. A recent clinical study in which atherosclerosis of the renal artery was measured by computed tomography angiography revealed no progression after 12 months after RDN while the control group showed increased atherosclerosis. 18 There is also a clinical study (NCT01918111) currently recruiting subjects to determine the effect of RDN on multiple end points, including atherosclerosis. Based on the vasculoprotection indicated in preclinical and some clinical studies, attenuated progression of atherosclerosis might be an added benefit. This would be especially revealing if it occurred in the absence of effects on blood pressure, diabetes mellitus, and lipids. To address this hypothesis, we used a model of murine atherosclerosis. Apolipoprotein E-deficient mice develop atherosclerosis, in the absence of hypertension or diabetes mellitus, that is accelerated with a Western diet. 19 In this study, efficacy of RDN was confirmed by histological evidence of downstream nerve fiber disruption as well as reduced renal NE levels. In this normotensive murine model, there was no effect of RDN on blood pressure or on systemic levels of NE. In addition, no effects were observed on fasting glucose, insulin, or cholesterol levels. In contrast to previous findings in humans showing improved glucoregulation after RDN, 3 plasma glucose and insulin trended higher in mice receiving RDN although this was not a diabetic mouse model. Despite these neutral effects on blood pressure and lipids, RDN was associated with reduction in atherosclerosis based on measurements of lipid staining total surface area as well as cross-sectional analysis at the aortic valves and brachiocephalic arteries. Smooth muscle content was relatively increased in lesions from the RDN mice suggesting greater lesion stability. These changes were associated with the evidence of reduced systemic oxidative stress and Mcp-1 levels. Because aldosterone blockade has been shown to reduce atherosclerosis in primate, 20 rabbit, 21 and murine models, 22, 23 and to reduce markers of oxidative stress [21] [22] [23] and Mcp-1 expression, 24 we tested the effect of RDN on serum aldosterone levels. Consistent with the aldosterone hypothesis, serum levels were reduced in this model after RDN.
In conclusion, RDN reduced progression of atherosclerosis in apolipoprotein E-deficient mice. These changes are associated with reduced aldosterone levels, Mcp-1, and markers of oxidative stress. Further studies will be required to define the precise causal mechanisms involved in the atheroprotection associated with RDN.
Perspectives
The sympathetic nervous system plays an important role in hypertension and other vascular disease processes. RDN has been studied in humans with resistant hypertension although its effectiveness seems to be limited based on a recent randomized trial. There may be other vascular benefits associated with RDN that occur even in the absence of blood pressure reduction. This study demonstrates, in a normotensive, hyperlipidemic mouse model, that RDN has a protective effect against atherosclerosis in the absence of blood pressure lowering. Further elucidation of the underlying mechanism(s) by which renal sympathetic activity promotes systemic atherosclerosis may lead to new, less invasive, therapeutic interventions that may be beneficial to a broad population at risk for vascular disease.
Sources of Funding
This work was supported by the National Institutes of Health (HL088419 to Dr Eitzman).
